. With the advent of yeast artificial chromosome (YAC) vectors capable of propagating much larger pieces of DNA (2) , it has become feasible to consider assembling a similar map of the human genome. Indeed, YAC-based physical maps have been constructed for the genomes of several lower organisms (3), as well as for the q24-q28 region of the human X chromosome (4) .
We now report the construction of an essentially complete physical map of a human chromosome, the Y chromosome. The Y chromosome is an appropriate target for physical mapping at this time. First, genetic mapping is impossible except in the small pseudoautosomal region, the only part of the Y chromosome that undergoes meiotic recombination. Second, the Y is one of the smallest of human chromosomes, with an estimated average size of 60 million base pairs (Mb) (5) . Cytologically, the human Y chromosome consists of a heterochromatic region and a euchromatic region. The heterochromatic region is situated on the distal long arm (Yq) and varies in size, in that it constitutes more than half of the chromosome in some normal males but is virtually undetectable in others (6) . Composed of highly repeated sequences (DYZI and DYZ2), the heterochromatic region has an estimated sequence complexity of less than 10 kb (7) . The euchromatic region--the short arm (Yp), centromere, and proximal long arm--constitutes the remainder of the chromosome, and its size is quite constant among normal males. The euchromatic region contains blocks of sequences homologous to the X chromosome, families of Y-specific repetitive sequences, and all genes identified on the Y chromosome. In this article we describe the physical mapping of the euchromatic region.
The physical map was assembled by a procedure called STS (sequence-tagged sites) content mapping (8) . In our case, we screened a human genomic YAC library using polymerase chain reaction (PCR) assays (9) to identify the clones containing 160 STS's (I0) from the Y chromosome. Overlap between YAC clones was evidenced by their having such sites in common. The approach has the advantage of simultaneously isolating specific YAC's from a complex library, ordering them into contigs, and arranging the sites into a finely ordered set of points along the chromosome. Vollrath et al. (11) have described the placement of the STS's used in our study into 43 ordered intervals by deletion mapping. This prior information of the approximate order of STS's simplified the analysis in assembling YAC contigs (overlapping arrays). Moreover, because the STS's were all known to lie on the Y chromosome and most were roughly ordered, we avoided problems posed by "chimeric" YAC's, that is, artifactual clones that contain DNA from two or more different genomic regions and that constitute a sizable fraction of many libraries (12) .
Y-chromosomal YAC's. Assembling a set of YAC's sufficient to span a human chromosome requires a YAC library with substantial redundancy of coverage (13) , preferably with large inserts. Given these considerations, we constructed a YAC library (14) using a human cell line (OXEN) derived from an XYYYY male (15) , and thereby obtained a representation of the Y chromosome four times larger than would have resulted had the DNA from a normal XY thale been used. The library consisted of 10,368 dones with an average insert size of 650 kilobases (kb), and we estimated that each point of the Y chromosome was sampied about 4.5 times.
For practical screening of the YAC lb brary for 160 STS's, identification of individual YAC's by PCR must be efficient. We therefore chose a hierarchical three-step screening system. In the first step, each STS was analyzed on 18 pools, each containing 576 YAC's. The second and third steps were assays on subpools which were performed only when the previous step had yielded a positive result (•6). On average, about 25 PCR assays were sufficient to assign an STS to a particular YAC.
In all, 234 Y chromosomal YAC's were isolated from the library, and these had a mean size of 580 kb (SD -+ 253 kb). The sizes were determined by pulsed-field gel electrophoresis (PFGE) (17) designed to separate the yeast chromosomes, Southern blot transfer to fix the DNA, and hybridization of the blot (•8) with human DNA to visualize the YAC. In some cases, DNA from a single yeast colony showed multiple bands hybridizing to human DNA, suggesting that the YAC contained human sequences that were undergoing deletion during propagation in yeast. In addition, YAC's from certain regions of the Y chromosome were noticeably smaller than the average, suggesting that those had already sustained deletions. Particularly unstable were regions containing known tandem repeats such as DYZ3 (alphoid) and DYZ4 sequences (19) , the pseudoautosomal region, and a portion of Yp homologous to Xq21.
Of the 160 STS's, four were not represented in the library. Two of these four, sY1 and sY2, are immediately subteiomeric (20 (Fig. 1) . Progressive incorporation of more and more of the STS content data resulted in small arrays of overlapping YAC's being fused into larger contigs. This procedure alone made it possible to assemble 196 Y chromosomal YAC's into ten contigs separated by nine gaps.
This assembly of contigs was simplified because all of the STS's were known to map to the Y-chromosome and most had been roughly ordered by deletion mapping (11) . This prior ordering made any sophisticated computation unnecessmy. However, our experience suggests that contigs can be readily assembled from a collection of STS's where only some have been ordered by other means, as in the case of a large bloc.k of Yp that is homologous to Xq21 (Fig. 2) (/1). Although 17 of the 33 STS's 6om this Xq21-homologous region had not been ordered by deletion mapping, all 33 STS's were useful in assembling YAC contigs, and all 33 STS's were unambiguously placed on the map.
The chief complication in contig assembly was that some of the STS's corresponded not to single-copy sequences but instead to Y-specific repetitive sequences, often dispersed to multiple sites on the Y chromosome. (Technically, the term STS is reserved for single-copy sequence loci (10) , but here we use the term more broadly to include these other PCR-defined loci.) An STS was recognized as likely to be repetitive ff (i) it was present in numbers of YAC's far exceeding the expected 4.5-fold redundancy of the library; (ii) deletion mapping of the STS revealed multiple Y loci (11); (iii) it was derived from a clone shown to contain Y-specific repeats (by hybridization to Southern blots of human genomic DNA); or (iv) in a few cases, it appeared to join YAC contigs that were otherwise clearly separate.
YAC's containing Y-specific repetitive STS's could be placed only if they also contained or could be linked to single-copy STS's. For example, 18 YAC's were found to contain the three repetitive STS's sY60, sY61, and sY62. Some of these also contained single-copy STS's, allowing the sY60-sY61-sY62 repeats to be mapped to two separate positions on Yp (Fig. 2 , intervals 3C and 4A). In certain regions, particularly interval 6, many YAC's contained large numbers of Y-specific repetitive STS's (and, as a result, in Fig Closing gaps. After assembly of contigs by STS content was complete, nine gaps remained. Because the STS's had been roughly ordered by deletion mapping (11), most of the contigs were ordered and oriented along the chromosome, which simplified the closing of gaps. After STS content mapping, gaps exist either because adjacent contigs fail to overlap (real gaps) or because the contigs actually do overlap but the region they share contains no STS (undetected overlaps). Real gaps must be closed by isolating additional YAC's, typically by screening libraries for STS's generated from the ends of YAC's flanking the gap (21) . Undetected overlaps need only be revealed, either by finding an STS common to both contigs (that is, an STS generated from a contig end) or by demonstrating that YAC's flanking the gap show common fragments when a human repeat sequence is hybridized to a Southern blot of restrictiondigested YAC DNA's, a technique known as YAC fingerprinting (22) .
When STS generation from YAC ends and YAC fingerprinting were combined, all nine apparent gaps were shown to be undetected overlaps; there were no real gaps. Five previously undetected overlaps were revealed when YAC-end STS's generated by "bubble-anchor PCR" were used (21) .
The remaining four undetected overlaps were revealed by YAC fingerprinting (Figs.  2 and 3) . Fingerprinting of all 196 YAC's also confirmed most of the overlaps that had been detected by STS content mapping. The generation of STS's from YAC ends also provided an opportunity to estimate the frequency of chimerism in the library. Of 47 ends examined, 24 mapped to the Y chromosome, 10 mapped to other chromosomes, and 13 were common, interspersed repetitive sequences that could not be mapped. These results suggest a chimerism frequency of about 59 percent.
[If the Y chromosome has a high concentration of common, interspersed repeats as compared with the rest of the genome (11), then the actual frequency of chimerism may be lower.]
Two principal difficulties arose during the pursuit of closure: (i) YAC fingerprinting with repetitive probes was not useful in regions poor in common interspersed repeats and (ii) STS content mapping was confusing in regions with particularly unstable YAC's. These problems were acute in the pseudoautosomal region, whose central portion is poor in L1 repeats and which contained many unstable YAC's. The problem of instability is illustrated by YAC yOX44, which contained STS sY11 on initial examination but appeared to lose the sequence as the YAC underwent additional passages in yeast. Similarly, sY7 had previously been mapped to the same region (23) and identified three YAC's on initial screening, but the sequence was ultimately not retained by any YAC. Thus, the pseudoautosomal region contains a few linkages that are historical, that is, after linkage was confirmed, the YAC's deleted the connecting STS's. In some of these cases, YAC fingerprinting reconfirmed overlaps. Fortunately, this region has previously been restriction mapped by PFGE (23, 24) , and our map is consistent with these data.
The extent of overlap of YAC's within a contig cannot be quantitatively assessed by STS content mapping or fingerprinting, and thus the length of the 196oYAC contig spanning the euchromatic region cannot be directly determined at this time. However, the map's size can be estimated on the basis of YAC size, redundancy of coverage, and chimera frequency (25). We calculated that the physical map spans about 28 Mb. This is probably a minimal estimate of the length of the euchromatic region, ff there is, as is likely, a downward bias in sizing Y-specific repetitive regions and ff the frequency of chimerism has been overestimated. In any case, our calculated value agrees reasonably well with estimates, based on cytological observations, that the euchromatic region of the Y chromosome is 30 to 40 Mb in length (5) .
Centromere and Y-specific repeats. Deletion interval 4B ffig. 2), the only segment present on all independently segregating Y chromosomes, must contain the centromere (I1). Analysis of this region revealed that it contains a block of alphoid repeats flanked by diverse repetitive arrays, much like other human chromosomes. The Y alphoid repeats (DYZ3) are sufficiently distinct from those on other chromosomes that it was possible to identify a Y-specific alphoid STS (sY78). Fourteen YAC's containing sY78 were isolated from the library, but their mean size was only 270 kb, suggesting instability of this region when cloned into YAC's. If these YAC's were initially similar in size to other YAC's in the library, then a crude estimate (25) of the length of the alphoid array in the XYYYY cell line is 1 Mb, in agreement with previous estimates from PFGE analysis (26).
Of the 14 YAC's, 6 contained one or more other STS's linking the alphoid repeats to both proximal Yp and proximal Yq. On Yp, the alphoid sequences are linked to complex Y-specific repeats that include sY53, sY60, sY61, and sY62, all of which are also found elsewhere on the chromosome. On Yq, the STS closest to the centromere, as judged by deletion mapping (11) , was sY81, a single-copy STS. Sequencing of the end of yOX85, a YAC containing sY81, revealed a degenerate pentameric repeat with striking similarity to both the DYZI heterochromatic repeats [(27) , sY160] and to satellite-3 sequences (28). The similarity was sufficient to allow the sY160 assay to detect the pentameric repeat in yOX85--and in two alphoidcontaining YAC's, yOX175 and yOX178--indicating that sY81 is linked to the alphoid repeats via an array of sequences like that of satellite-3 (29).
Of the euchromatic loci studied, 40 percent were Y-specific repeats, and all of these mappe& to Yq and proximal Yp (Fig.  2) . The distal portion of euchromatic Yq is represented almost exclusively by repetitive STS's, and these repeats are linked to the heterochromatin via one YAC (yOX50), which contains both the heterochromatic repeat sY159 and a number of euchromatic repeats. In many cases, a particular Y-specific repetitive sequence was dispersed to multiple locations on Yp or Yq. For example, the sY55 repeats are found twice on both Yp and Yq. Such dispersion of Y-specific repeats was found even though PCR assays tend to be more specific and detect fewer loci compared to hybridization of probes to Southern blots. In the case of sY132, for example, the PCR assay detects only one locus whereas the PCR product itself reveals three additional loci (DYS7 in Fig. 2 )when hybridized to Southern blots of all the Y chromosomal YAC's.
X-Y homology. Through a mixture of common ancestry, transpositions, and translocations that occurred during evolution, and ongoing recombination, much of the sequence of the human X and Y chromosomes is similar. Of the euchromatic Y loci studied, 25 percent are clearly X homologous (11) (Fig. 2) . The pseudoautosomal region, where X-Y identity is maintained by frequent recombination during male meiosis, occupies the most distal 2.7 ~.ESEARCH A R T I C L E Mb (23, 24) of both Yp and Xp. The pseudoautosomal region carries genes encoding a GM-CSF (granulocyte-macrophage colony-stimulating factor) receptor subunit (CSF2RA) (30) and a glycoprotein involved in T cell adhesion (MIC2) (31).
Proximal to the pseudoautosomal region o n Yp is a comparably sized region homologous to Xq21. These Xq21-homologous sequences are present on Yp because of their transposition from the X chromosome during recent human evolution (32). These sequences had been shown to exist on Yp as two blocks (33), which appear on the YAC contig map as a large distal segment of approximately 3 Mb (sY20 through sY52) and a much smaller proximal segment [sY73 (DXYSI) and sY741. Most of the PCR assays derived from these Xq21-homologous sequences could not distinguish between Xand Y-derived YAC's, so hybridization probes detecting chromosome-specific restriction fragments were used to exclude seven X-chromosomal YAC's isolated in the screen. Close to but distinct from the small proximal segment of Xq21 homology is the amelogenin gene (AMGL), which has a closely related homolog in Xp22 (34).
Between the pseudoautosomal and Xq21-homologous regions is an intensively studied segment of the Y chromosome. In addition to the sex-de¢ermining gene SRY (35) , this 280-kb region contains two genes with X homologs, the ribosomal protein gene RPS4Y (36) and the zinc finger gene ZFY (37) . In the case of RPS4Y and ZFY, X-Y nucleotide similarity is essentially restricted to coding sequences and does not extend to introns or flanking sequences (38) .
Yq also contains regions of X homology. A concentration of Xp22-homologous sequences is found in intervals 5E-5I, on proximal Yq. These X-homologous sequences include the complex CRI-$232 repeats (sY91) (39) and two nonprocessed pseudogenes, one related to the X-linked steroid sulfatase gene (STSP) (40) (11) and that derived by STS content mapping of YAC's (recognizing, however, that these two STS ordering exercises were not completely independent). If errors in ordering do exist, they are most likely to be found in regions containing Y-specific repetitive sequences.
The degree of resolution is one of the chief determinants of the utility of a map. In this physical map, 207 DNA loci were assigned to 127 ordered segments, which represents an average spacing of about 140 kb between loci and about 220 kb between ordered loci. This set of ordered STS's should provide a useful framework for analysis of the Y chromosome and could be used to rapidly regenerate the physical map from any improved large-insert clone library (that is, one in which chimerism and deletion are uncommon).
Construction of complete physical maps of human chromosomes should facilitate positional cloning of genes for a given phenotype, expedite the more comprehensive task of identifying all genes, and provide substrates for large-scale sequencing. This physical map of the Y chromosome should be useful in examining Y chromosomal polymorphism among human subpopulations, in studying the comparative anatomy of the chromosome in primates, and in fine mapping of X-Y homologous sequences in an effort to elucidate the evolution and functional relationship of the sex chromosomes.
Applicabifity of strategy to other chromosomes. Our method of physical mapping is readily applicable to other human chromosomes, provided that a large number of STS's can be generated from the chromosome. For the Y chromosome, the STS's were first subjected to deletion mapping of DNA samples from patients carrying partial Y chromosomes (11) . This prior information made it possible to assemble YAC contigs without resorting to any sophisticated computation and also resulted in immediate ordering and orienting of contigs, which facilitated the closure of gaps. However, contig assembly would still be possible in the absence of such informationmas demonstrated by the ease with which contigs of the large Xq21-homologous region were assembled even though only half of the STS's in this region were mapped. It would then be necessary to order and orient the resulting contigs along the chromosome, perhaps by fluorescent hybridization in situ with terminal YAC's as probes or by incorporating previously ordered markers into the contigs as anchor points. For any chromosome but the Y, it might be possible to simultaneously assemble, order, and orient contigs with a collection of STS's in which some were genetically ordered polymorphisms. In our analysis, the deletion mapping information was particularly useful in overcoming difficulties posed by Y-specific repeats occurring in large, dispersed blocks. Such repeats will probably be encountered less frequently on other human chromosomes.
The demonstration that a physical map of the ¥ chromosome can be efficiently constructed from a total human YAC library suggests that similar maps can be made for other chromosomes without the laborious step of building chromosome-specific YAC libraries. (In the physical mapping exercise described here, the most arduous steps included the construction of the YAC library and the sorting out of ambiguities posed by Y-specific repeats; the screening of the library was relatively straightforward.) Although there may be a higher rate of chimerism in whole genomic libraries than in chromosome-specific libraries, this does not appear to pose a serious problem for STS content mapping. In conclusion, the strategy should be widely applicable to other human chromosomes and is also a logical choice in any genome wide-mapping effort.
L = I(n/ r)k
where I is the mean YAC length, n is the total number of Y chromosomal YAC's, r is the redundency of coverage, and kis a correction factor for chimerism. Redundancy r can be estimated by (1986).
